CALLS FOR REFORM IN American biology education have come from a variety of different directions. The Conceptual Assessment in Biology (CAB) meetings sponsored by the National Science Foundation (7, 9) sought to promote assessment practices that examined students understanding of the core concepts, as well as testing their retention of the facts.
Somewhat later, the American Association for the Advancement of Science (1) document Vision and Change emphasized the need for greater attention to student understanding of the core concepts of biology.
Both calls for reform recognized that a necessary first step to assessing conceptual understanding is to identify the core concepts to be understood.
What are the core concepts? A core concept (often referred to in the education literature as a "big idea") has been described by Duschl et al. (3) as "well tested, validated, and absolutely central to the discipline. Each integrates many different findings and has exceptionally broad explanatory scope. Each is the source of coherence for many key concepts, principles, and even other theories in the discipline."
Participants at the first CAB meeting (7) defined eight core concepts of biology. We took that list of core concepts and, with significant input from the physiology teaching community, identified a set of 15 core concepts of physiology and established the community's ranking of the importance of these core concepts (8, 11) . The top three core concepts, according to the faculty surveyed, were homeostasis, cell-cell-communication, and cell membrane.
What is a conceptual framework? A conceptual framework is a hierarchically organized statement of the ideas that make up a core concept (5) . We have referred to the process of building a conceptual framework as "unpacking" the core concept (5) .
For our use, we have recognized that a hierarchical conceptual framework will include three kinds of elements: 1) the core concept; 2) critical components essential for building an accurate model of the core concept; and 3) constituent ideas that are necessary for understanding each critical component (5) .
Unpacking the core concept of homeostasis. We "unpacked" the core concept of homeostasis, generating a conceptual framework that describes the hierarchical relationship between the many ideas that together make up this core concept (5) . In another paper, our laboratory described how teachers can facilitate student understanding of homeostasis (12) .
With the homeostasis conceptual framework in hand, we wrote a homeostasis concept inventory (a conceptual assessment instrument) and have validated it (6) .
Unpacking the cell-cell communication core concept. Here we describe our unpacking of the core concept of cell-cell communication and how we validated the conceptual framework through a survey of physiology faculty. This conceptual framework specifically addresses communications at the level of the cell and does not address communications processes that involve cellular networks, tissues, or other communications at higher levels of biological organization.
In addition to confirming the overall importance of the components of the cell-cell communication conceptual framework, three hypotheses about the proposed framework and its items were tested in this study:
The importance of an item in the conceptual framework is determined, in part, by its position in the hierarchy.
Hypothesis 3: The perceived importance of the items is dependent on the institution type of the respondent (see Table 1 ).
METHODS
Development of the cell-cell communication conceptual framework. Michael et al. (11) provided the initial description of a set of core concepts in physiology. The set of core concepts was expanded and modified by Michael and McFarland (8) and was validated by several surveys of physiology instructors.
The 2009 paper (11) listed "information" as one of the core concepts we identified. In Vision and Change (1), one of the five core concepts of biological literacy referred to is "information flow, exchange, and storage." Both of these core concepts referenced two forms of information that operate at two different levels of organization:
1. Information is stored in DNA/RNA and is used within cells to determine the structure and function of the cell; and 2. Information is exchanged between cells by way of both the nervous and endocrine systems. However, feedback from the faculty we surveyed (see below and Ref. 8) made it clear that these two forms of information needed to be dealt with separately. The two core concepts that replaced "information" are 1) cell-cell communication and 2) genes to proteins.
Our team created the original unpacking of what we now call cell-cell communication in 2009 (11) . Michael then expanded that conceptual framework into an "Endocrine Signaling Conceptual Framework" that he used with his class of first-year medical students. There were several further rounds of editing, which yielded the conceptual framework that we used to survey the faculty. This framework consists of 51 items arranged in a four-level hierarchy that can be seen in Table 2 .
Validating the cell-cell communication conceptual framework. To establish the content validity of this conceptual framework, a survey was created (using SurveyMonkey) that asked respondents to rate each of the 51 items making up the conceptual framework on a five-point scale:
Essential ( ϭ 5), Important ( ϭ 4), Moderately Important ( ϭ 3), Slightly Important ( ϭ 2), and NOT Important ( ϭ 1). In addition to rating the items, the respondents were asked to comment on any changes (additions, deletions, corrections) they would recommend for the conceptual framework.
Participants. Respondents to previous surveys and individuals who had participated in past Human Anatomy and Physiology Society workshops were contacted and asked to participate.
Forty-three individuals opened the survey, but there were only 37 completed surveys. Respondents teach at wide variety of higher education institutions (see Table 1 ).
Statistical analyses. Descriptive statistics (mean and SD) were calculated for each item in the conceptual framework (see Table 2 ).
To determine whether our data confirmed or disconfirmed our three hypotheses (see Introduction), we examined the distribution of the ratings for the seven main ideas (hypothesis 1), for items of given level of hierarchy (hypothesis 2), and for responses from different institution types (hypothesis 3). These distributions were plotted out in bar graphs (Figs. 1, 2, and 3, respectively).
Furthermore, the data were analyzed using mixed-effects linear regression models that accounted for correlated responses of respondents. In the full model, the rating was predicted by the item's main idea, level of hierarchy, institution type of the respondent, and their interactions. Simpler models lacked interactions or some of the predictors. We used Bayesian Information Criteria to select the optimal model (14) . The predictors that were present in the optimal model were said to significantly influence the rating.
To perform all statistical analyses, we used the freely available software R version 3.2.4 (13) and its libraries ggplot2 (16), lme4 (2), and lmerTest (4). The bar graphs were plotted with Excel.
RESULTS
The conceptual framework for the core concept of cell-cell communication can be seen in Table 2 . The ratings for each of the 51 items were averaged, and the standard deviations were calculated (see the two right columns of Table 2 ). In addition, the proportion of ratings of 5 was also determined and displayed.
Among the 51 items in the conceptual framework, the lowest rated item had a mean importance score of 3.27 (somewhere between Important and Moderately Important). The highest rated item had a score of 4.92 (slightly less than Essential). No more than two respondents rated any item as Not Important, and all items were rated as Essential by at least two respondents.
Written comments provided by respondents pointed to one error in an item and suggested a missing item. There was some discussion of the difficulty of understanding the wording of some items. There were also several comments suggesting that there is not a single right way to construct or write a conceptual framework (a conclusion with which we strongly agree). Nevertheless, the tenor of the comments suggested we had produced an acceptable description of the ideas making up the core concept of cell-cell communication.
Based on the ratings and the comments, we conclude that our respondents found the conceptual framework to have content and construct validity.
The ratings from all 37 respondents were analyzed to determine whether the data confirm or disconfirm the three hypotheses we proposed (see Introduction).
The seven main ideas (CC1-CC7, Table 2 ) are not viewed as being equally important (hypothesis 1). The bar graphs in Fig.  1 show the proportions of ratings of each value for each of the seven main ideas. Visually it appears that the importance does vary considerably, e.g., the proportions of ratings with a value of 5 appear different for the seven main ideas. The regression analysis supports the conclusion that there is a significant difference between the rankings of the seven main items (P Ͻ 0.001). The same conclusion is supported also when all items Continued are taken into account and their level of hierarchy is considered (P Ͻ 0.001).
The importance of an item depends on its position (level) in the hierarchy (hypothesis 2).
A priori this would make sense since the hierarchy (the outline; see Table 2 ) has items of "smaller" application at the lower levels. The bar graphs in Fig.  2 show the proportion of ratings for all items at each of the four levels in the hierarchy.
As predicted, the lower levels of the framework are viewed as somewhat less important than the higher levels. The regression analysis clearly confirms this conclusion. Moving to each lower level, the mean importance of items is reduced by 0.34. This linear trend is statistically significant (P Ͻ 0.001). However, it is important to bear in mind that the item viewed as least important still had a mean importance score of 3.27, between Important and Moderately Important.
The perceived importance of the items is not dependent on the institution type of the respondent (hypothesis 3).
We have noted that our respondents teach at a variety of types of secondary educational institutions (Table 1 ). Some differences can be observed among responses coming from different institution types (see Fig. 3 ). However, we were not able to statistically confirm any dependence of the rating on the type of the institution: The sample size in some of the institution types was very small, and there was also high intraclass variability in The response of the target cell is a function of the target cell and not the messenger molecule. That is to say, the response to a given messenger is determined by the physiology of the target cell. The table includes the number, mean (AVG), and SD (SD) of the ratings (5, Essential; 4, Important; 3, Moderately Important; 2, Slightly Important; 1, NOT Important) for each item. In addition, we calculated the percentage of all respondents who selected 5 for each item. The data are from 37 respondents. *The items that might be dropped, since fewer than 30% of the respondents rated them Essential (see the DISCUSSION). Fig. 1 . The proportion of each rating value (5 ϭ Essential, 4 ϭ Important, 3 ϭ Moderately Important, 2 ϭ Slightly Important, 1 ϭ NOT Important) for each of the seven main ideas in the conceptual framework (CC1-CC7) was determined. There are clear differences in the proportion of 5's (Essential) across the set of main ideas, and these differences are statistically significant (see text). responses. Thus the effect of the institution was not statistically significant.
DISCUSSION
We have developed and validated a conceptual framework for the core concept of cell-cell communication. The conceptual framework is large and complex, reflecting the size and complexity of the phenomena it attempts to describe. This is not surprising. The concept of cell-to-cell communication extends to every function of the nervous and endocrine systems in regulation of different body systems, includes synaptic, paracrine, and endocrine mechanisms of communication, and integrates molecular, cellular, tissue, organ, and organismal aspects of communication and regulation across a range of levels of biological organization.
Of what use is a conceptual framework like this one?
The job of the teacher is to help his or her learners to learn (10) . Concretely, we can describe this task as providing students with opportunities to build, test, and refine their mental models of whatever phenomena they are asked to master. It is, of course, essential that students be assessed about what they have been asked to master.
The participants at the first CAB meeting (7) recognized that, if you want to assess students' conceptual understand in any field, you first had to define what the concepts are. We, along with a cohort of fellow physiology teachers, have agreed on the core concepts in physiology (8, 11) . We have unpacked the core concept of homeostasis (5) and have written and validated a homeostasis concept inventory (6) . With a validated conceptual framework for cell-cell communication, it will now be possible to write and validate a concept inventory for this core concept.
But conceptual frameworks have other uses as well. The conceptual framework for cell-cell communication can provide faculty with a means of explicitly communicating the learning outcomes that students are expected to achieve. At the same time, the conceptual framework provides students with scaffolding for their learning about the mechanisms that underlie whatever phenomenon they are attempting to master. The scaffolding provided by core concepts extends across all of physiology (they are generalizable and transferable) and can aid students in a course and can continue to serve this function as they progress through subsequent physiology courses.
We have noted that the conceptual framework for cell-cell communication is large, made up of 51 items, and complex, with up to 4 levels in the hierarchy. It is likely that many instructors in undergraduate courses do not expect students to know (understand) all of the 51 items contained in the cell-cell communications conceptual framework, although students in more advanced courses might well be expected to do so.
There are several ways in which the cell-cell communication conceptual framework can be reduced in size and/or complexity to meet the needs of an introductory physiology course. In our development of the homeostasis conceptual framework (5), we eliminated all items that received fewer than 30% Essential ratings from our faculty cohort. The 21 items in the conceptual framework in Table 1 with an asterisk would be eliminated using this rule. Another approach would be to eliminate all four of the items at the fourth (deepest) level in our hierarchy. Our results show that these items are rated as less important than items higher in the hierarchy.
However, the problem with applying such algorithmic approaches to editing the conceptual framework is that the remaining items may not adequately describe the features of the physiological mechanisms that instructors want their students to master. For example, the 30% rule described above (see Table 2 ) would result in elimination of 10 items at the second level, 7 items at the third level, and 4 items at the fourth level. This procedure seems to us to remove items that may well be important for students in at least some introductory courses.
The problem of editing the cell-cell communication conceptual framework is ultimately only solvable by each individual instructor creating a conceptual framework that is appropriate for the students in his or her particular course. Our version of the conceptual framework (Table 2) is not the only possible way to unpack the core concept of cell-cell communication.
The conceptual framework we have described here is NOT a prescription for what is important for learning physiology; it is a guide to understanding this core concept.
One final issue should be noted. Physiology textbooks may identify "cell-cell communication" as a general model for thinking about the endocrine system (see, for example, Ref. 15 ), but it is rare for this core concept to be extended to the nervous system and the electrical coupling of cells. Thus instructors will need to be vigilant in using the terminology of cell-cell communication wherever it is appropriate to so. In this way, the students can be reminded that this core concept applies in a great many systems.
We will be seeking additional validation of the cell-cell communication conceptual framework through interactions with faculty at local and national biology and physiology meetings. The next step will be the writing of a concept inventory for the core concept of cell-cell communication. Table 1 
